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Introduction
Watermelon bud necrosis virus (WBNV) is one of the major
limiting factors in production of cucurbits in India, causing
losses up to 100% in watermelon in some growing areas
[8, 15]. Based on the previously determined nucleocapsid
(N) protein coding sequence of WBNV S RNA, this virus is
considered to belong to a tentative new tospovirus species
[9]. Although the complete S RNA and M RNA sequences
of WBNV were determined recently [11], these sequences
were obtained from different virus isolates, and knowledge
of the detailed characteristics of the complete genome of a
WBNV isolate is therefore still lacking. In this investiga-
tion, the full-length genomic sequence, including the L, M
and S RNA segments, of a watermelon isolate of WBNV
originating from southern India was completely determined
and analyzed. Phylogenetic analysis of the sequences of all
of the viral proteins, N, NSs, NSm, glycoprotein (GP) and
RNA-dependent RNA polymerase (RdRp) indicates that
WBNV is closely related to watermelon silver mottle virus
(WSMoV) [16], peanut bud necrosis virus (PBNV) [14] and
capsicum chlorosis virus (CaCV) [10].
Provenance of the virus materials
A watermelon isolate of WBNV, denoted WBNV-JT, orig-
inating from Dharmapuri district, Tamil Nadu State, India,
was single-lesion isolated and maintained in Chenopodium
quinoa Willd. and Nicotiana benthamiana Domin., respec-
tively, by mechanical transmission. The virus culture was
maintained in a temperature-controlled (25-28C) green-
house. Total RNA was extracted from 100 mg of leaf tissue
of a WBNV-JT-infected N. benthamiana plant using a Plant
Total RNA Miniprep Purification Kit (Hopegen, Taichung,
Taiwan) following manufacturer’s instructions. Overlapping
cDNA fragments produced from reverse transcription-
polymerase chain reaction (RT-PCR) of the WBNV-JT
genome with appropriate degenerate and specific primers
(supplementary Table 1) were sequenced and aligned to
assemble the whole genomic sequence. Primer design was
done using the Primercheck program of Biology Workbench
3.2, San Diego Supercomputer Center (SDSC) (http://
workbench.sdsc.edu/). RT was performed at 42C for
50 min, mixing 1 lg total RNA with 10 lM individual
reverse primers and 25 U Moloney murine leukemia virus
reverse transcriptase (Hopegen) to synthesize the first-strand
cDNAs, and then the reactions were inactivated by heating at
72C for 15 min. For amplifying the intergenic regions
(IGRs) of the S and M RNAs, RT was modified to synthesize
Electronic supplementary material The online version of this
article (doi:10.1007/s00705-010-0881-z) contains supplementary
material, which is available to authorized users.
J.-T. Li  Y.-C. Yeh  T.-C. Chen (&)
Department of Biotechnology, Asia University,
Taichung County 41354, Wufeng, Taiwan
e-mail: kikichenwolf@hotmail.com
S.-D. Yeh  J. A. J. Raja
Department of Plant Pathology,
National Chung Hsing University,
Taichung 402, Taiwan
P. A. Rajagopalan
Molecular Virology, Mahyco Research Center,
Maharashtra Hybrid Seeds Co. Ltd., Jalna 431203,
Maharashtra, India
L.-Y. Liu
Department of Plant Medical Science,
National Pingtung University of Science and Technology,
Pingtung 912, Taiwan
123
Arch Virol (2011) 156:359–362
DOI 10.1007/s00705-010-0881-z
the first-strand cDNAs at 48.5C for 50 min. Following an
initial 2-min heating of the first-strand cDNAs to 94C, PCR
was carried out for 35 cycles, using 2.5 U Ex Taq DNA
polymerase (Takara, Shiga, Japan) and 10 lM individual
primer pairs, with a thermal profile of 1 min denaturation at
94C, 1 min annealing at 52C, 1 min synthesis at 72C, and
this was followed by a 10-min final extension at 72C.
Sequences of the 50 and 30 ends of the S, M and L RNAs of
WBNV-JT were obtained by the rapid amplification of
cDNA ends (RACE) technique. First-strand cDNAs were
synthesized from total RNA as described above. After the
removal of template RNAs by digestion with RNaseH
(Invitrogen, Carlsbad, CA), the cDNA products were pre-
cipitated with absolute ethanol. Subsequently, cDNA frag-
ments were tailed with 10 lM PolyC(3c3t11c) (50-CC
CTTTCCCCCCCCCCC-30) and 15 U terminal deoxynu-
cleotidyl transferase (TdT) (Takara). The tailed cDNA
fragments were used as templates for PCR amplification
using the primer PolyG(11g3a3 g) (50-GGGGGGGGGG
GAAAGGG-30) and appropriate WBNV genome-directed
primers (Supplementary Table 1). All of the amplicons were
cloned in pCR2.1-TOPO vector (Invitrogen) according to the
manufacturer’s instructions and then sequenced on an ABI
3730XL automatic DNA sequencing system (Perkin-Elmer
Applied Biosystems, Foster City, CA).
The genomic sequences of tospoviruses used for compar-
ison were obtained from the National Center for Biotech-
nology Information (NCBI) databases (http://www.
ncbi.nlm.nih.gov/). The accession numbers of the sequences
used are listed in Supplementary Table 2. Multiple sequence
alignments, comparison of the newly determined sequences to
the reference sequences, and translation of the nt sequences to
aa residues were performed using the ClustalW program, the
Bl2seq program and the Sixframe program, respectively, of
Biology Workbench. The homologies of nt and aa sequences
were calculated using the Gap program of SeqWeb (Accelrys
Inc. USA). Phylogenetic analysis was done using Phylip 3.66
(Department of Genetics, University of Washington, Seattle).
Bootstraping was repeated 1,000 times to generate multiple
data sets, and versions of the input data sets were resampled
with the Seqboot program of Phylip 3.66. A distance matrix
for the amino acid sequences was produced using the Protdist
program of Phylip 3.66 using the PAM matrixes of the Day-
hoff model [4]. Phylogenetic branches were set by the
Neighbor program of Phylip 3.66 using the neighbor-joining
method [13]. Finally, phylogenetic trees were produced using
the Consense program of Phyip 3.66.
Sequence properties
The sequences of the S, M and L RNA segments
of WBNV-JT possessed the typical tospoviral genomic 50-
terminal consensus sequence (50-AGAGCAAU-30) and its
complementary 30-terminal sequence (50-AUUGCUCU-30).
The complete sequence of WBNV-JT S RNA (accession
no. GU584184) has 3401 nt, containing NSs and N ORFs
in an ambisense orientation, separated by a 1120-nt
AU-rich IGR. The S RNA sequence of WBNV-JT shares
98% nt identity with and is four nucleotides shorter than
that of another reported WBNV Wm-Jal isolate (accession
no. EU249351). The NSs and N genes of WBNV-JT share
99.3% and 98.9% nt identity and 99.3% and 99.6% aa
identity, respectively, with those of WBNV Wm-Jal. The
NSs gene of WBNV-JT shares the highest nt (76-81%) and
aa (81-86%) identity with those of WSMoV, PBNV and
CaCV and 56-66% nt and 49-64% aa identity with those of
calla lily chlorotic spot virus (CCSV), tomato zonate spot
virus (TZSV), melon yellow spot virus (MYSV), iris yel-
low spot virus (IYSV), tomato yellow ring virus (TYRV)
and Polygonum ringspot virus (PolRSV). However, it
shares lower nt (39-42%) and aa (20-24%) identity with
those of groundnut ringspot virus (GRSV), impatiens
necrotic spot virus (INSV), tomato chlorotic spot virus
(TCSV), tomato spotted wilt virus (TSWV), melon severe
mosaic virus (MeSMV), peanut yellow spot virus (PYSV)
and peanut chlorotic fan-spot virus (PCFV). The N gene of
WBNV-JT shares the highest nt (78-81%) and aa (82-85%)
identity with those of WSMoV, PBNV and CaCV. It also
shares higher nt (64-66%) and aa (60-66%) identity with
those of CCSV, TZSV and MYSV than with those of
other tospoviruses (41-53% nt and 26-44% aa identity),
including IYSV, TYRV, PolRSV, alstroemeria necrotic
streak virus (ANSV), chrysanthemum stem necrosis virus
(CSNV), zucchini lethal chlorotic virus (ZLCV), GRSV,
INSV, TCSV, TSWV, MeSMV, PYSV and PCFV.
The entire sequence of WBNV-JT M RNA (accession
no. GU584185) has 4794 nt, making it identical in length to
that of WBNV-wDel (accession no. GU474545), with
which it shares 96% nt sequence identity [11]. The NSm
and GP genes of WBNV-JT share 98.9% and 96.4% nt
identity and 98.7% and 96.9% aa identity, respectively,
with those of WBNV-wDel. The NSm gene of WBNV-JT
shares 64-80% and 64-85% nt and aa identity, respectively,
with those of WSMoV, PBNV, CaCV, CCSV, TZSV,
MYSV, IYSV, TYRV and PolRSV. However, it shares
only 50-55% nt and 37-43% aa identity with those of
GRSV, INSV, TCSV, TSWV, CSNV, ZLCV and PCFV.
The GP ORF of WBNV-JT shares as high as 65-81% nt
and 61-88% aa identity with those of WSMoV, PBNV,
CaCV, CCSV, TZSV, MYSV, IYSV, TYRV and PolRSV.
However, it shares only 49-51% nt and 37-38% aa identity
with those of TSWV, GRSV, TCSV, CSNV, ZLCV and
INSV. Both NSm and GP of WBNV-JT share the highest
level of aa identity, 80-85% and 85-88%, respectively, with
those of WSMoV, PBNV and CaCV.
360 J.-T. Li et al.
123
The sequence of the L RNA of WBMV was determined
for the first time in this study. The complete sequence of
WBNV-JT L RNA (accession no. GU735408) has 8916 nt,
with 247 and 32 nt in its 5’- and 3’-UTR, respectively. The
L RNA of WBNV-JT is of negative polarity. The 8637-nt L
coding region of WBNV-JT encodes a 2878-aa (332-kDa)
RdRp, starting from nt 33 with an AUG codon and ending
at nt 8669 with a UAA codon in the viral complementary
strand. The presence of RdRp motifs that are conserved
within the genus Tospovirus [3] was also observed in the L
ORF of WBNV-JT (data not shown). The L gene of
WBNV-JT shares as high as 71-81% nt and 76-91% aa
identity with those of WSMoV, PBNV, CaCV, CCSV,
TZSV and MYSV, and medium nt 67% and aa 68%
identities with that of IYSV. However, it shares only 55-
56% nt and 45-47% aa identity with those of TSWV and
INSV. The RdRp of WBNV-JT shares the highest level of
aa identity, 91%, 90% and 89%, with those of PBNV,
Fig. 1 Phylogenetic
relationships of tospoviruses
based on the amino acid
sequences of their nucleocapsid
(N) proteins (a), NSs proteins
(b), NSm proteins (c), Gn/Gc
glycoprotein (GP) precursors
(d) and RNA-dependent RNA
polymerases (RdRp) (e). The
dendrographs were produced
using the neighbour-joining
algorithm with 1000 bootstrap
replicates. Closely related
viruses are circled. Virus
abbreviations and the accession
codes of sequences used for
comparison are showed in
Supplementary Table 2
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WSMoV and CaCV, respectively. Phylogenetic analysis of
the sequences of all of the viral proteins indicated that
WBNV-JT is closely related to WSMoV, PBNV and CaCV
(Fig. 1).
The close phylogenetic relationship of the N proteins of
WBNV, WSMoV, PBNV, CaCV, CCSV, TZSV and
MYSV is the evolutionary genetic basis for clustering of
these tospoviruses in a serogroup [2, 5, 12]. Several reports
have also described the serological relationship of WBNV,
WSMoV, PBNV and CaCV [1, 8, 17]. The strong sero-
logical relationship and the high degree sequence identity
(82-85%) of the N protein of WBNV to those of WSMoV,
PBNV and CaCV explain the practical difficulties in dis-
tinguishing these four tospoviruses using anti-N protein
antisera and monoclonal antibodies [1]. A similar situation
also prevails with ANSV, a newly characterized tospovirus,
and the serologically related and genetically closer
(80-82% aa identity in N proteins) viruses, TSWV, GRSV
and TCSV [7]. These two cases suggest that serological
assays for tospovirus species identification may fail when
the targeted viral antigens share more than 80% aa identity.
Hence, development of species-specific primer pairs that
distinguish these viruses by RT-PCR is necessary.
Although the homology of the N proteins is an important
descriptor for the taxonomy of tospoviruses, the phyloge-
netic profiles of other virus-encoded proteins, NSs, NSm,
GP and RdRp, are consistent with that of N protein. In spite
of the current classification status of tospoviruses based on
the N protein [6], the criteria for classification of tospovi-
ruses at the inter-species level should be defined not only
by the homology of the N proteins, but also by that of other
virus-encoded proteins. Completion of the genomic
sequences of members of all tospovirus species is impor-
tant for determining the molecular characteristics of
members of the genus Tospovirus and clarification of their
evolutionary relationship and formal taxonomic position.
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